A method is presented to observe surface species subject to electron-induced desorption by Auger electron spectroscopy. The surface to be examined is moved under the electron beam at constant velocity, establishing a time-independent condition and eliminating the time response of the electron spectrometer as a limiting factor. The dependence of the Auger signal on the sample velocity, incident electron current, beam diameter and desorption cross section are analyzed. It is shown that it is advantageous to analyze the moving sample with a high beam current, in contrast to the usual practice of using a low beam current to minimize desorption from a stationary sample. The method is illustrated by the analysis of a friction transfer film of PTFE, in which the fluorine is removed by electron-induced desorption. The method is relevant to surface studies in the field of lubrication and catalysis.
INTRODUCTION
The technique of Auger electron spectroscopy has been widely used to identify elements present on solid surfaces (refs. 1 to 4). This technique, however, can be a destructive method of surface analysis. The electron beam (500 to 5000 V, 1 to 100 fiamp) that ionizes the atoms in the surface region can promote desorption of surface species (refs. 5 and 6) . The Auger signal of this element then decreases exponentially in time. The desorption of particular elements from the surface can thus lead to an incorrect assessment of the elemental composition of the surface by Auger electron spectroscopy.
This problem has usually been dealt with by either decreasing the incident beam current or by defocusing the beam spot while maintaining the same total electron current. The effect of these changes is to decrease the desorption rate so that there is, hopefully, negligible change in the concentration during the time necessary to obtain the Auger spectrum.
It is, therefore, advantageous to work with an electron spectrometer with the fastest possible response time when detecting desorbable surface species. In this sense the cylindrical mirror analyzer (ref. 7) , with its fast tracing time of approximately 100 milliseconds, is superior to the retarding potential analyzer (ref. 8) with its slower tracing time of minutes. However, the fast response time of the cylindrical mirror analyzer is useful only for detecting major Auger peaks. Detecting minor peaks requires an increase in lock-in amplifier sensitivity resulting in greater noise. Removing the noise by filtering results in a slower time response. Thus no matter which method is used, there is always the suspicion that a particular species might be desorbed before its Auger signal can be detected.
It is the purpose of this report to present a method for obtaining the Auger spectra of surface species subject to electron-induced desorption that does not depend on the time response of the electron spectrometer. The method consists of moving the sample under the electron beam at a constant velocity. Thus, fresh sample is continuously being supplied for Auger analysis, and the system reaches a steady state, allowing great flexibility in the choice of electron spectrometers and lock-in amplifier time constants. The uncertainty as to whether a species has been desorbed before its Auger signal has been detected is eliminated and the Auger analyses of desorbable and nondesorbable species are placed on a more equivalent basis.
In the next section the dependence of the Auger signal of the desorbable species on the surface velocity and electron beam current is analyzed and discussed. An experimental illustration of the technique is then given in the last section.
ANALYSIS
The basic relation that describes the depletion of a surface species under bombardment by monoenergetic electrons is (1) where N(t) is the surface number density of the particular species at time t, I is the incident electron current in the beam spot of radius TQ, and a is the desorption cross section (ref. 9). Since the magnitude of the Auger signal S is proportional to the surface density of the species, we have -Iot/jrr« S(t) = S(0)e ° (2) where S(O) is the magnitude of the Auger signal in the absence of electron-induced desorption, conventionally measured as the peak-to-peak height in the dN/dE spectrum. The exponential function in equation (2) is an attenuation factor (<1) that describes the loss of Auger signal due to desorption and is a function only of the dimensionless param-2 eter lot/TIT Q.
We now seek a relation analogous to equation (2) for the magnitude of the Auger signal from a sample moving under the electron beam with velocity v. For this purpose consider the geometry depicted in figure 1 . The sample moves to the left under the electron beam of radius r Q ; current I is assumed to be uniform within the spot. The desorbing species is assumed to be uniformly distributed on the surface. Then the Auger signal from an elemental area of the moving sample within the beam spot is given by The integration over x is performed first. Then a change of variable for the y integration, z = Y/T, gives the result S = S(O)-^1 - (5) where 21 (6) Defining exp (7) we finally have S = (8) Equation (8) is the expression for the Auger signal that is analogous to equation (2). The function tp (/3) is the attenuation factor that describes the loss of Auger signal due to electron-induced desorption from a moving sample and is a function only of the lumped dimensionless parameter /3. The function <p ()3) has been numerically evaluated and is plotted as curve A in figure 2(a).
Consider the dependence of the Auger signal on the physical parameters that make up the dimensionless parameter /3. Since the surface velocity v appears in the denominator of ]3, the velocity dependence of S is best understood in terms of ]3~ . Thus (f> has been plotted in figure 2(b) as a function of ;3~ . The signal vanishes for zero velocity since the measurements considered here are time independent and the relevant species on a stationary surface is eventually totally desorbed by the electron beam in accordance with equation (2). For large )3~ (large v) the Auger signal asymptotically approaches the value it would have in the absence of desorption. In this velocity region, fresh sample is being fed into the beam spot at a rate high enough to maintain the average coverage in the spot close to the coverage outside the spot. It is therefore advantageous to operate with the highest practical velocity.
There are certain points of similarity between the method presented here and the usual time-dependent method. In the first place, higher desorption cross sections lead to smaller signals in both cases. Secondly, a smaller beam radius (for the same total beam current) leads to a higher desorption rate and a smaller signal. It is thus advantageous to defocus the incident beam in both methods.
However, the dependence of the signal on the incident electron beam current is quite different in the two methods. The current dependence of the Auger signal here is contained not only in (p(P) but also in S(O), since the Auger signal in the absence of desorption is itself proportional to the current. The behavior of the signal with current is therefore the result of a trade-off; larger I yields a larger signal from those atoms present on the surface (S(O) ~ )3), but it also means a higher desorption rate of these atoms (<p(/3)). Since P ~ I, the functional form of the dependence of the signal S(/3) on current is given by /3^(/3). Multiplying by a factor IT/4 yields the function plotted as curve B in figure 2(a). The curve is the Auger signal, relative to its maximum value for a given velocity, as a function of the incident current. From the monotonic increase it is seen that the increase in signal due to the increase in S(O) dominates the decrease in signal due to enhanced desorption. An upper limit on the Auger signal, for a given v, arises when the species is completely desorbed before it leaves the beam spot and represents the most efficient use of the desorbable species for the purpose of Auger electron spectroscopy. Thus, in contrast to the usual practice of reducing the beam current to minimize the desorption rate, here it is advantageous to work with a high beam current to maximize the time independent Auger signal.
As a numerical example of this analysis, consider a fast desorption time of 5 sec- 2 1 onds (Ia/7rrQ = 0.2 sec~ ) and r Q = 0. 05 centimeter. Then /3 = 0. 01/v and a velocity of 0. 001 centimeter per second yields /3 -10 and (p -0.13 (from fig. 2(a) , curve A). This reduction in signal strength is quite modest when it is remembered that this method permits the use of high sensitivity and appreciable noise filtering on the lock-in amplifier.
Finally, it should be noted that the velocity and current dependence of the signal depicted in figure 2 may be used to experimentally determine the desorption cross section a. Such a procedure requires obtaining the signal over a wide range of either velocity or beam current and searching for the best fit of the relevant curve to the data. Such a procedure would be analogous to plotting the time-dependent signal from a stationary surface and using equation (2) to obtain <j. However, just as the time response of the electron spectrometer imposes a limitation on the use of equation (2), there may be practical difficulties to the use of the velocity or current dependence of the signal for this purpose. For example, increasing the beam current may result in an enlarged beam spot, leading to a signal that increases instead of saturating as in curve B, figure 2(a). The particular experimental situation will no doubt dictate the particular method to be used, and therefore no general procedure can be given.
ILLUSTRATION
An illustration of the essential features of the method described herein is provided by the examination of a mechanically applied thin lubricant film of polytetrafluoroethylene (PTFE) on a tungsten surface. It has recently been shown that when PTFE slides on a surface, a transfer film only a few mono layers thick is developed on the surface (refs. 10 and 11). Such a film was developed here by sliding the tip of a PTFE bullet (radius, 0.476 cm) on a sputter-cleaned tungsten disk in vacuum at a load of 100 grams and a velocity of 0.1 centimeter per second (ref. 11). The experimental arrangement is depicted in figure 3 . much more fluorine on the surface than is indicated by figure 4(a). Note also that the size of the tungsten and carbon peaks from the moving surface are smaller than those from the stationary surface, indicating that the fluorine in the PTFE chain attenuates the Auger electrons of the tungsten and carbon atoms. Thus all the major peaks in Auger spectrum are affected by electron-induced desorption of the fluorine and the convenience of exhibiting the entire Auger spectrum on a time-independent basis is apparent.
The velocity dependence of the magnitude of the fluorine Auger signal is presented in figure 5 . There are three main features to this data. First, note that the signal does not vanish for zero velocity indicating that some of the fluorine is not subject to electron-induced desorption. Secondly, the signal increases rapidly for small velocities and then starts to level off. The general behavior is thus similar to that depicted in figure 2(b) for the velocity dependence of the signal. Finally, note that, instead of reaching a maximum and leveling off, the fluorine signal is still increasing for the largest velocity used. Thus the results in figure 5 indicate that the fluorine in the film exhibits a wide range of binding states as far as electron-induced desorption is concerned and this is probably a consequence of the multilayer structure of this mechanically applied film. The fluorine in the interior of the film adjacent to the substrate has a high probability of reforming the bond broken by the incident electrons and is thus subject to desorption at a very low rate. This fluorine may be detected by Auger spectrometers that have the poorest time response such as the retarding potential analyzer. The bulk of the fluorine in the film has approximately the same cross section for electron-induced desorption since the velocity dependence is generally in accord with that predicted on the basis of a single desorption cross section ( fig. 2(b) ). The desorption time for this fluorine is about 40 seconds and may be detected on a stationary surface with a cylindrical mirror analyzer, but not with a retarding potential analyzer with any accuracy. A choice of 18 a = 5x10 and S(O) = 100 in the theoretical expression for the velocity dependence provides a curve in fair accord with the data in figure 5 . This cross section is in good agreement with that obtained from the time dependence of the Auger signal from a stationary surface (ref. 11) . This is also a physically reasonable value for atoms in such a multilayer structure since it is larger than that for chemisorbed species on metals 18 2 (a < 10" cm ) and smaller than the ionization cross section for free atoms (~10~1 6 cm 2 ) (ref. 12) . 18 Since the theoretical curve based on a = 5xlO~ square centimeters is essentially flat for v > 0. 04 centimeter per second, the fact that the signal is still increasing for these velocities implies that there is some fluorine in the film with desorption cross 18 section much greater than 5x10 square centimeters. This fluorine is probably at the PTFE-vacuum interface and has a cross section approaching the ionization cross section for atoms in the free state. Detection of such species in the usual way on a stationary surface is a difficult, if not impossible, task especially if the species is a minor constituent of the surface. In contrast, the technique presented here relaxes the stringent requirements on the time response of the spectrometer system and makes the detection of species with such high desorption cross sections a rather straightforward task.
CONCLUDING REMARKS
It has been shown here that it is possible to observe the Auger spectra of electrondesorbable surface species on a time-independent basis by moving the surface at a constant velocity with respect to the electron beam. A uniform coverage of the desorbable species in the region probed by the electron beam is required and the technique is timeindependent to the extent that the Auger spectrum can be obtained before this region of the sample is traversed. The technique presented here will be most useful in those situations for which the rate of electron-induced desorption is greatest. High desorption rates are expected for those species in least electronic contact with the substrate and this is the case for fluorine in a PTFE film. In addition, the fluorine has only a single valence bond to the polymer chain. High electron-induced desorption rates are thus expected for polymeric lubricant films. In this connection, it has recently been pointed out that the weakly bound surface species most active in catalysis are also sensitive to electron-induced desorption (ref. 9) . The technique presented here should thus find application in the investigation of both polymeric lubricant films and catalytic processes by Auger electron spectroscopy.
The experimental arrangement used here ( fig. 3 ) moves the sample with respect to the stationary beam, but there is also the possiblity of moving the electron beam over the stationary sample. However, the amount of sample that can be traversed with such an arrangement is limited, due to the necessity of having the source of the Auger electrons quite close to the axis of the electron spectrometer. Thus most effective use of the technique presented here requies a motor-driven sample holder and the use of somewhat extended samples.
Finally we point out that the technique presented here for dealing with electroninduced desorption is a rather general way of alleviating the effects of any undesirable phenomena associated with the electron beam. The charging of insulators (especially under normal incidence), heating of the sample, and electron-induced adsorption (ref. 13) all occur within the beam spot. Moving fresh sample into the beam tends to reduce the degree to which these processes occur and thus provide a more desirable surface for Auger analysis.
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